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Abstract 
A root water-extraction module was incorporated into CATHY, a coupled surface-subsurface flow, physically-based, 
distributed hydrological model, to account for transpiration of annual crops. Four empirical vertical root-density 
distribution models were used to evaluate the effect of plant transpiration on tile-drain flow and edge-of-field flow. 
Model 1 uses a uniform distribution for the entire root zone; Model 2, a nonlinear root density distribution function; 
and Models 3 and 4, two configurations of exponential root water uptake distribution. When comparing simulation 
results with and without a root water extraction module, we observed that Model 1 produces reasonable reductions in 
tile-drain and edge-of-field flows. Further analysis indicates that edge-of-field flow is more affected by the root water 
extraction module than tile-drain flow. Therefore, as the unsaturated zone increases, edge-of-field flow decreases 
more than tile-drain flow. 
© 2013 The Authors. Published by Elsevier B.V.  
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1. Introduction 
Root water extraction is one of the key processes influencing transport of water and chemicals in soil-
plant systems. The transport process has critical effects on crop yield, as well as the quality and quantity 
of recharge to groundwater systems under croplands 1 . Water uptake by plant roots controls the 
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partitioning of infiltrating rainfall into evaporation, transpiration, and leaching. It is one of the 
consequences of ecophysiological interactions between belowground and aboveground processes 2 , and 
is largely affected by root system distribution, soil hydraulic properties, and climate conditions 3-5 . 
Generally, two categories of approaches are applied to simulate root water uptake. The first category, the 
microscopic approach 6 , focuses on radial flow of water to a single root. This approach requires detailed 
information about the geometry of root systems, which is practically impossible to acquire. The second 
category follows a macroscopic approach [7], in which water extraction by plant roots is treated as a 
spatially-distributed sink term introduced in Richards’ soil water flow equation 8-11 . Though most of 
the models apply the second approach, they use different functions to describe root length density 
distribution which include (i) a uniform distribution for the entire root zone [12]; (ii) a linear function 
characterizing the situation with the maximum root density at the top and the minimum at the bottom of 
root systems [13]; (iii) various nonlinear models [14-15]; (iv) both linear and nonlinear generalized root 
length density distribution functions [16]; and (v) multidimensional root water uptake models [17]. 
In its original form, the process of evapotranspiration in CATHY, a coupled surface-subsurface flow, 
physically-based, distributed hydrological model 18  is represented as a boundary condition at the soil 
surface. It is necessary to remember that the total value of evapotranspiration comes from the contribution 
of its two components: evaporation and transpiration. A vast majority of the absorbed water is lost to 
transpiration in annual crop plants [19]. On a land covered by vegetation the share of water delivered 
from the soil into the atmosphere via plants represents 2/3 to 3/4 of the total evapotranspiration [20].  
The objective of this study was to incorporate a root water extraction module as a Richards’ equation 
sink term in the CATHY model to account for transpiration of annual crops. Given that for uniform crops 
with a spatially uniform water uptake pattern, it has been suggested that one-dimensional models may 
suffice [21], in this work four empirical root density distribution from one-dimensional modeling 
approaches were used to evaluate the effect of two common crops, corn and soybeans, on edge-of-field 
flow and tile-drain flow. Simulation results with and without a root water extraction module were also 
compared. 
2. Materials and methods 
2.1. Study site 
The study site is a 17.04-ha tile-drain field of a headwater micro-watershed (Fig. 1) characterized by 
intensive livestock production supported by forages and annual crops such as corn grain and soybeans. It 
is located in the Bras d’Henri watershed, Quebec (Canada), as part of a Canadian-wide research program 
called Watershed Evaluation of Beneficial management practices, WEBs 22 , launched in 2004 and led 
by Agriculture and Agri-food Canada (AAC) to measure the environmental and economic impacts of 
selected agricultural Beneficial Management Practices (BMPs) at the watershed scale. 
Located in the Quebec Appalachians, the Bras d’Henri watershed is characterized by a rolling relief 
ranging from 150 to 170 m above mean sea level. The surficial geologic materials were deposited during 
the presence of the Champlain Sea and consist of thin (< 10 m) littoral sediments (sand, sandy silt, coarse 
sand, and gravel) overlying clayed glacial diamictons 23 . These diamictons generally reach a thickness 
of 1.0 to 1.5 m, but they are not present throughout the watershed. Soils in tile-drained field have textures 
ranging from coarse sandy loam to very fine loamy sand. Winters are long and cold, summers are fresh 
and short with substantial annual precipitations, amounting to 1150 mm, where one third accumulates as 
snow. During summer, precipitations are generally greater than evaporated water and, therefore, no water 
deficit in soils is observed 24 . 
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Provided by AAC, the database includes meteorological data (mean air temperature, relative humidity, 
saturation vapour pressure at air temperature, wind speed at height of 2 m, net radiation at the crop 
surface, precipitation, …),  hydraulic properties (hydraulic conductivity, porosity, water content) obtained 
by suction test from the soil surface up to 1.25 m depth. Soil saturated hydraulic conductivity at depth 
greater than 1.25 m was obtained from slug-test.  
 
 
Fig. 1. Localisation of study site (double dash boundary inside dotted square) in Bras d’Henri micro-watershed (black star, green 
dots, red dots and dark magenta lines are edge-of-field, tile-drain outlets, piezometers and tile-drain networks, respectively) 
2.2. Description of the hydrological model 
CATHY (CATchment HYdrology) is a coupled physically based and spatially distributed model 
simulating surface-subsurface flows processes 18 . The overland and channel routing (flow) is based on 
the numerical solution, using the finite difference method, of the one-dimensional diffusion wave 
approximation of the Saint Venant equation (equation 1). 
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where s [L] is used to describe each element of the channel network, Q is the discharge along the 
rivulet/stream channel [L³/T], Ck is the kinematic celerity [L/T], Dh is the hydraulic diffusivity [L²/T], and 
qs is the inflow (positive) or outflow (negative) rate from the subsurface to the surface [L³/LT]. 
The subsurface flow in variably saturated porous media is based on resolution of the three-dimensional 
(3D) Richards’ equation (equation 2) and is solved numerically by Galerkin finite elements in space, 
using tetrahedral elements and linear basis functions, and by a weighted finite difference scheme for 
integration in time. 
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where Sw = / s is water saturation,  is the volumetric moisture content [dimensionless], s is the 
saturated moisture content (generally equal to the porosity ), Ss is the aquifer specific storage coefficient 
[L-1],  is pressure head [L], t is time [T],  is the gradient operator [L-1], Ks is the saturated hydraulic 
conductivity tensor [L/T], Kr( ) is the relative hydraulic conductivity function [dimensionless], z = 
(0,0,1)T, z is the vertical coordinate directed upward [L], and qss represents distributed source (positive) or 
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sink (negative) terms [L³/L³T]. More details can be found in the work by Camporese et al. 18  and 
Paniconi and Putti 25 . 
2.3.  CATHY model parameterization and simulation conditions 
The 3D subsurface computational domain for the tile-drained field was constructed from a 20-m 
resolution digital elevation model (DEM). Each DEM cell was subdivided into two triangles. The 
resulting 2D surface mesh pattern of 483 nodes, among which 155 nodes were above the tile-drain 
network, was then used to subdivide a 5.45-m porous media into fifteen soil layers. Nodes representing 
the subsurface drainage network were located between the eighth and ninth layers at 1.15 m below soil 
surface. The thinnest layers were placed at the surface and around the drainage network to accurately 
resolve the partitioning of the rainfall-runoff process or to better capture the interactions between surface 
water and groundwater, and to properly take into account the tile-drain influence on subsurface flow. The 
resulting 3D grid contained 7728 nodes and 38340 tetrahedral elements. Table 1 summarizes the values of 
the physical properties associated with each soil layer, namely, saturated hydraulic conductivity in the 
horizontal (KsXY) and vertical (KsZ) directions, specific storage (Ss), porosity ( s). Soil hydraulic 
properties were described by parameters of the van Genuchten and Nielsen 26  relationships, that is: the 
fitting parameter (VGN), the residual moisture content (VGRMC) and the air entry pressure head 
(VGPSAT). 
                           Table 1. Soil hydraulic parameters in the porous media 
Layers Thickness (m) KsXY (m/s) KsZ (m/s) Ss (m-1) s (-) 
1-3 0.25 4.52 x 10-5 9.03 x 10-6 7.8 x 10-4 0.48 
4-5 0.50 4.52 x 10-5 9.03 x 10-6 2.0 x 10-4 0.48 
6-7 0.35 4.52 x 10-5 9.03 x 10-6 7.8 x 10-4 0.41 
8-9 0.10 1.51 x 10-5 3.01 x 10-6 7.8 x 10-4 0.41 
10 0.05 2.26 x 10-5 4.52 x 10-6 7.8 x 10-4 0.41 
11-15 4.20 7.20 x 10-5 1.44 x 10-6 2.0 x 10-4 0.45 
VGN (-): 3.85                                     VGRMC (-): 0.105                                 VGPSAT (m): -0.35 
Daily effective precipitation and potential transpiration rate from May 17 (137 Julian day) to 
November 15 (319 Julian day), 2010 (Fig. 2), were used for simulation. This period of the year 
corresponds to vegetative period and is characterized by surface runoff and infiltration, and intense 
agricultural activities on the site. The crop in the field during this period was corn. Just for comparison 
purposes, we have used the same climatic data for soybeans. For the simulations without a root water 
extraction module, only upper boundary conditions were applied whereas both upper boundary conditions 
and potential transpiration rate were applied for simulation with a root water extraction module. 
The initial condition of each simulation was given by the water table height. Thus, for the four root 
water uptake models, two water table heights were used: 15 and 50 cm below the soil surface. Further 
analyzes with one model chosen among the four were conducted using 15, 25, 35, 50, 60, 70, and 80 cm 
below the soil surface. 
Given that tile-drain network lies at 1.20 m below soil surface and knowing that the average maximum 
rooting depth of corn and soybeans in the Quebec regions is around 1.00 m [27], for the test or study case 
the maximum rooting depth was set to 1.00 m below soil surface for the two crops. 
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Fig. 2. Daily upper boundary conditions at field surface and potential transpiration used for simulations (growing period) 
2.4. Upper boundary conditions and potential transpiration rate 
Upper boundary conditions at field surface are given by effective precipitation, which is actual 
precipitation minus potential evaporation (Ep) evaluated by reference evaporation (Eo) weighted by a 
coefficient for soil evaporation. Using the mass-transfer approach (Dalton-type equation), the reference 
evaporation Eo (m/d) is: 
asao eeVxE
31026.1   (3) 
where Va is the wind speed (m/s); es and ea are saturation vapour pressure at the soil surface and actual 
vapour pressure at reference height (kPa), respectively. 
So, the potential evaporation is given by: 
oep EKE  (4) 
The potential transpiration rate (Tp) is the maximum possible water uptake by roots and is calculated 
using the potential evapotranspiration (ETp) from both plant and soil surface, and the potential 
evaporation from the soil surface: 
ppp EETT  (5) 
where ETp is evaluatated by the FAO Penman-Monteith universal approach or formula for computing 
reference evapotranspiration (ETo) weighted by crop coefficients (Kc) 28-29 . 
2.5. Root water uptake models 
Water extraction by roots of annual crops depends on potential transpiration, plant canopy, water 
content, and root density. The term qss in equation 2 is represented by S(z,t), the sink term or the root-
water uptake rate (T-1), and can be defined by 12 : 
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where zr (z/Lr) is the normalized rooting depth ranging from 0 to 1, Lr denotes the maximum rooting depth 
and z is the root depth on jth day, Smax(z,t) is the maximal specific water extraction rate under optimal soil 
water condition T-1 , Lnrd(zr) is the normalized distribution function of root density, which characterizes 
the relative distribution of root density at various growth stages [12; 15], Tp the potential transpiration rate 
LT-1 , (h) is a dimensionless reduction function 12; 30  simulating water stress; it reduces root water 
uptake in unfavourable wet or dry condition. Note that crop water uptake cannot exceed the potential 
transpiration. 
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Table 2 gives the characteristic pressure head values for corn and soybeans. Root water uptake is 
optimal between h2 and h3. Between h3 and the wilting point, h4, the root water uptake gradually reduces 
to zero. Reduction also occurs near saturation (between h1 and h2) where the oxygen content of the soil 
limits root activity; at pressure heads greater than h1 root water uptake is zero.  
 
           Table 2. Parameters for the water stress reduction functions (Feddes’ parameters) characteristic  
  pressure heads m  for corn and soybeans 
 
Crop h1 h2 h3 h4 Reference 
Corn -0.15 -0.30 -5.00 -80.00 31  
Soybeans -0.10 -0.25 -8.00 -160.00 32  
 
The normalized relative root density distributions Lnrd(zr) of the four empirical one-dimensional 
models used in this study are listed in Table 3.  
                             Table 3. Different root density distribution models 
Model Distribution pattern Lnrd(zr) Reference 
1 Uniform 1  12  
2 Non linear 32 88.136.267.115.2 rrr zzz  15  
3 rr zz 6.00.1exp1  
4 
Exponential 
rr zz 6.00.10exp1  
17  
3. Results and discussion 
Fig. 3 shows the transpiration results for corn as well as the ensuing tile-drain and edge-of-field flow 
reductions for two water table conditions: 15 cm (scenario 1) and 50 cm (scenario 2) below the soil 
surface for the four empirical root-density distribution models. Using Model 1 (uniform distribution), the 
root water-extraction module leads to tile-drain flow reductions of 5.00 and 5.50 % and edge-of-filed flow 
reductions of 7.10 and 8.60 % for scenarios 1 and 2, respectively (Mod_1). For the output variables of 
interest, the use of the other three root density distribution models (Mod_2, Mod_3 and Mod_4) generally 
produces flow reductions of less than 2.00 % for the two water table configurations. These results reveal 
that the introduction of a root water uptake module in CATHY induces a decrease of both tile-drain flow 
and edge-of-field flow. This corroborates with observations made by Czikowsky and Fitzjarrald 33  that 
is: decreases in streamflow can occur during the day when transpiring vegetation draws upon the 
groundwater supply that makes up the baseflow of gaining streams, thereby reducing the stream inflow. 
 
 
Fig. 3. Reductions in tile-drain flow and edge-of-field flow due to corn transpiration with water heights of 15 and 50 cm below soli 
surface 
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Fig. 4. Ratios of transpiration and evapotranspiration volumes; and evapotranspiration and precipitation volumes 
Ratios of transpiration and evapotranspiration volumes on one hand; and evapotranspiration and 
precipitation volumes on the other hand, are shown in Fig. 4. These ratios have been calculated using 
cumulated volumes over the whole simulation period. For the first ratios, only Model 1 yields ratios over 
30 %; all other models have values less than 15 %. According to the second ratios, all the models generate 
ratios less than 15 %. These simulations results largely agree with the fact that no water deficit in soil is 
observed in the micro-watershed 24 . 
Fig. 5 introduces the effects on the studied flows of root water uptake using Model 1 for corn (scenario 
3) and soybeans (scenario 4) with respect to different water table heights (i.e., at 15, 25, 35, 50, 60, 70 
and 80 cm below soil surface). For scenario 3, tile-drain flow is reduced by 5.00 to 6.90 % while edge-of-
field flow is reduced by 7.00 to 12 %. For scenario 4, a decrease of 3.80 to 6.30 % is observed for tile-
drain flow whereas the edge-of-field flow decreases by 6.60 to 10.40 %. Thus, root water extraction has 
more impact on edge-of-field flow than on tile-drain flow. This reflects the fact that the tile-drain portion 
of the field is represented by 155 nodes over a total of 483 surface nodes for the whole field. 
 
 
 
 
 
 
 
 
 
 
Fig. 5. Decreases in tile-drain and edge-of-field flows due to crop transpiration, corn and soybeans, with respect to water table 
heights of 15, 25, 35, 50, 60, 70, 80 cm below soil surface – crop partitioning of the flows. 
When comparing the impact of crop transpiration on tile-drain and edge-of-field flows (Fig. 6), we can 
see that for the first output variable, the reduction induced by soybean transpiration is greater than that by 
corn for water table heights of 25, 50 and 80 cm. The opposite is observed for water table heights of 35, 
60 and 70 cm. When the water table is 15 cm below soil surface, the two crops produce identical 
reductions. For the edge-of-field flow, there are two distinct and clear behaviours. For the first two water 
table heights (15 and 25 cm below soil surface), the flow for the soybean field is slightly greater than that 
induced by the corn field. For all other water table heights (from 35 to 80 cm), the opposite behaviour is 
observed. 
Fig. 7 shows the reduction trends of the impact of each crop on tile-drain and edge-of-field flows. For 
each flow of interest, the corresponding trend lines intersect when the water table height is 25 cm below 
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soil surface. To the left of the intersection point, the soybean trend line is slightly above the corn trend 
line for the two output variables. This can be associated with the values of the Feddes’ parameters h1 and 
h2. Given that these values for soybeans are slightly larger than those for corn, the amount of transpiration 
is slightly larger than that for corn. To the right of the intersection point, the opposite behaviour is 
observed, that is as the unsaturated zone increases, and the rate of change of the gaps between the two 
trend lines is slightly smaller for the tile-drain flow than that for the edge-of-field flow. Thus, the 
reduction trend in edge-of-field flow is stronger than that for the tile-drain flow. 
 
 
 
 
 
 
 
 
 
 
Fig. 6. Decreases in tile-drain and edge-of-field flows due to crop transpiration, corn and soybeans, with respect to water table 
heights of 15, 25, 35, 50, 60, 70, and 80 cm below soil surface – relative impact of each crop on the flows 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7. Tile-drain flow (1) and edge-of-field flow (2) reduction trend lines for corn and soybeans with respect to water table heights 
of 15, 25, 35, 50, 60, 70, and 80 cm below soil surface (solid line: (2)-corn; longdash line: (2)-soybeans; dashed line: (1)-corn; 
twodash line: (1)-soybeans) 
 
 
 
 
 
 
 
 
 
Fig. 8. Corn and soybeans transpiration effect on storage reduction of subsurface water 
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The decrease in subsurface stored water with respect to each crop and water table heights is shown in 
Fig. 8. Generally, corn transpiration rates are substantially greater than those for soybeans.  
4. Conclusion 
Four empirical 1D root density distribution models were introduced in CATHY for directly accounting 
for root water uptake for two annual crops. The impact was assessed with respect to edge-of-field flow 
and tile-drain flow. Comparison of simulation results with and without root water extraction indicates that 
crop transpiration reduces both flows and that the uniform root density distribution model yields 
reasonable values of flow reductions. Furthermore, root water uptake has more effect on edge-of-field 
flow than the tile-drain flow. As a result, the subsurface volume of stored water was reduced more by 
corn transpiration than that for soybeans.  
This study, still in preliminary phase, could benefit from specific field measurements using either 
lysimeters or flux towers as a means to further validate the simulated transpiration rates. It is widely 
acknowledged that transpiration demand of field crops is a subject of intensive study especially in arid 
and semi-arid regions and even temperate regions where increasing temperatures due to climate change 
might increase the need for irrigation. These types of studies are needed to build our capacities to manage 
water resources under increasing pressures. 
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